Epidermal growth factor receptor (EGFR) mutational testing in advanced non-small-cell lung cancer (NSCLC) is usually performed in tumor tissue, although cfDNA (cell-free DNA) could be an alternative. We evaluated EGFR mutations in cfDNA as a complementary tool in patients, who had already known EGFR mutations in tumor tissue and were treated with either EGFR-tyrosine kinase inhibitors (TKIs) or chemotherapy. We obtained plasma samples from 21 advanced NSCLC patients with known EGFR tumor mutations, before and during therapy with EGFR-TKIs and/or chemotherapy. cfDNA was isolated and EGFR mutations were analyzed with the multiple targeted cobas EGFR Mutation Test v2. EGFR mutations were detected at baseline in cfDNA from 57% of patients. The semiquantitative index (SQI) significantly decreased from the baseline (median = 11, IQR = 9 5-13) to the best response (median = 0, IQR = 0-0, p < 0 01), followed by a significant increase at progression (median = 11, IQR = 11-15, p < 0 01) in patients treated with either EGFR-TKIs or chemotherapy. The SQI obtained with the cobas EGFR Mutation Test v2 did not correlate with the concentration in copies/mL determined by droplet digital PCR. Resistance mutation p.T790M was observed at progression in patients with either type of treatment. In conclusion, cfDNA multiple targeted EGFR mutation analysis is useful for treatment monitoring in tissue of EGFR-positive NSCLC patients independently of the drug received.
Introduction
The most frequently observed epidermal growth factor receptor (EGFR) activating mutations in non-small-cell lung cancer (NSCLC) patients are exon 19 deletions and the L858R point mutation in exon 21 [1, 2] . These patients benefit from treatment with EGFR-tyrosine kinase inhibitors (TKIs) [1, 3] , although development of acquired resistance is frequent [3] [4] [5] . The EGFR p.T790M mutation in exon 20 is found in approximately 50% of NSCLC resistant to EGFR-TKIs [6] .
Assessment of EGFR mutations is necessary in NSCLC patients to guide the use of EGFR-TKIs [3, 7] , and the gold standard is tumor tissue analysis [8] . Nevertheless, plasma cell-free DNA (cfDNA) represents an alternative to detect EGFR mutations [6, [9] [10] [11] . Moreover, blood can be repeatedly collected to isolate cfDNA, allowing a dynamic monitoring of the therapy efficacy and the detection of the development of resistance mutations [12] [13] [14] [15] . cfDNA also allows the assessment of mutational heterogeneity [12, 16, 17] , and the presence of EGFR mutant copies in cfDNA has prognostic value [12, 13] . However, a general drawback of liquid biopsy is the potential false-negative results in case of low concentration or low allelic fraction of tumor cfDNA [12, 17] . cfDNA can be analyzed using different methodologies, either genome-wide targeted analysis based on nextgeneration sequencing (NGS) or targeted analysis against previously known mutations using PCR assays based on digital and nondigital platforms [18] . Initially, NGS or the so-called hotspot panels could be a primary election, as occurs in mutation analysis of tissue biopsies, but this methodology is technically challenging and expensive and has prolonged turnaround times [19, 20] . Nowadays, the cobas EGFR Mutation Test v2 (Roche Molecular Systems) [21] has been approved by the FDA for the qualitative detection in plasma of exon 19 deletions or p.L858R of EGFR, to select patients with advanced NSCLC for treatment with EGFR-TKIs. An advantage of this real-time PCR test is that it is standardized and it can detect up to 42 EGFR mutations simultaneously.
Some authors recently proposed the combination of NGS versatility and ddPCR sensitivity in the follow-up of NSCLC patients with EGFR-TKI treatment, but this is a quite complex and expensive procedure [11] . Here, we investigated the utility of an intermediate strategy, the multiple targeted EGFR mutation analysis in plasma from NSCLC patients with already confirmed EGFR mutations in tissue biopsy, to achieve a more complete and personalized information oriented to treatment. We also explored if multiple targeted EGFR mutation analysis in plasma can be used in the follow-up of patients undergoing other treatments different from EGFR-TKIs. In addition, we have compared semiquantitative results obtained with the cobas technique with the number of copies/mL obtained by ddPCR in order to know if a correlation exists between them.
Materials and Methods
2.1. Patients. We selected 21 advanced NSCLC patients harboring EGFR mutations detected in tumor biopsy. Peripheral blood samples were collected in EDTA tubes at baseline and, when possible, at sequential time points, including the best response and progression, and during subsequent treatments (see Supplementary Figure 1 ) [22] . Response and tumor burden were assessed using evaluable lesions, according to RECIST v1.1 [12] . The protocol was approved by the local Ethics Committee, and all participants signed an informed consent. cfDNA fragment size distribution was analyzed using the DNA High Sensitivity D1000 ScreenTape (size range: 35-1,000 bp) (Agilent Technologies, Santa Clara, CA, USA) according to the manufacturer's instructions in the Agilent 2100 Bioanalyzer (Agilent Technologies). The profile of fragment sizes was analyzed using the 2100 Expert Software (Agilent Technologies).
EGFR Mutation Analysis in Tumor Samples
. Detection of EGFR mutations in formalin-fixed paraffin-embedded and cytology tumor samples was performed either by real-time PCR with the therascreen EGFR RGQ PCR Kit (Qiagen) or with the NGS panel Oncomine Focus Assay (Thermo Fisher Scientific), as previously described [12] .
EGFR Analysis in
Cell-Free DNA. EGFR was analyzed in cfDNA for 42 different mutations with the cobas EGFR Mutation Test v2 (Roche) using the protocol provided by the manufacturer. This test kit contains both negative and positive controls, which should be run as a quality check in all assays. The PCR reactions were run on the cobas® z 480 analyzer with the cobas® 4800 software that reports automatically results as semiquantitative index (SQI) when an EGFR mutation is detected in ctDNA. The SQI reflects the proportion of mutated versus wild-type copies of the EGFR gene [23] . The SQI was derived from a dilution series containing known copy numbers of mutated EGFR and a fixed amount of wild-type EGFR, with the wild-type DNA serving as an internal control during real-time PCR [23] . The three more common EGFR mutations, delE746-A750, p.L858R, and p.T790M, were also analyzed by ddPCR performed in the QX200 Droplet Digital PCR system (Bio-Rad, Hercules, CA, USA) as previously described [12] , with validated kits for both wild-type and mutated EGFR copies (Bio-Rad). Results were analyzed with the QuantaSoft Software (Bio-Rad). Fluorescence signals of blank and negative control samples were considered background and used to set up the cut-off.
2.6. Statistical Analysis. Data were expressed as median and interquartile range (IQR). Nonparametric statistical analysis was performed using GraphPad Prism version 6.07 (La Jolla, CA, USA). The Wilcoxon signed-rank test was used to evaluate the evolution of the cfDNA SQI in each patient, and the Mann-Whitney U test was used to compare copy levels between different patient groups. Correlation analysis between SQI results from the cobas system and copies/mL from ddPCR was performed with the Spearman test. A two-tailed p value of <0.05 was considered to be statistically significant.
Results

Clinical Characteristics of the Patients.
In this retrospective study, we included 21 NSCLC patients (13 males, 58 ± 12 years old; 8 females, 63 ± 11 years old) presenting EGFR mutations in their tumor samples. All patients were stages III-IV, 19 had adenocarcinoma and 2 had squamous carcinoma, and 52% were never smokers. Patients were treated with either EGFR-TKIs (20 treatments) or chemotherapy (10 treatments) (see Supplementary Table 1 ).
Characterization of cfDNA: Quantification and Fragment
Size. The cobas EGFR Mutation Test v2 requires cfDNA obtained with the cobas DNA Sample Preparation Kit, so initially we analyzed DNA extracted using this method. The cfDNA size was 175 ± 9 bp, with a complete absence of genomic DNA (Figure 1(a) ). Using 13 plasma samples, we compared its efficiency of extraction with that of MagMAX Cell-Free DNA Isolation Kit, concluding that MagMAX yielded significantly more cfDNA (p < 0 01) (Figure 1(b) ), also free of genomic DNA (data not shown).
The median cfDNA concentration in baseline samples was 100 μg/L (IQR = 61-158 μg/L). The total cfDNA concentration did not change significantly during treatment: at the best response, it was 103 μg/L (IQR = 79-229 μg/L) and at progression, it was 84 μg/L (IQR = 72-124 μg/L). There was no correlation between cfDNA concentration and tumor burden (data not shown).
3.3. EGFR Analysis in cfDNA with the cobas EGFR Mutation Test v2. We were able to detect EGFR mutations in the cfDNA of 12 out of 21 patients at baseline (57%). There were no statistically significant differences in cfDNA levels between those with (median cf DNA = 120 μg/L, IQR = 89 -270 μg/L) or without (median cf DNA = 96 μg/L, IQR = 77 -170 μg/L) detectable EGFR mutations. In addition, considering the group of patients with detectable activating EGFR mutations in cfDNA, a complete concordance with the mutation pattern in tissue was found (12/12).
In baseline samples from patients bearing activating EGFR mutations, the SQI decreased significantly between the baseline (median = 11, IQR = 9 5-13) and the best response (median = 0, IQR = 0-0, p < 0 01) (Figure 2(a) ). At progression, the SQI increased significantly again (median = 11, IQR = 11-15, p < 0 01). Similar results were observed when patients were divided according to the type of treatment.
We also detected the p.T790M mutation in 2/21 patients at baseline (9%), and, interestingly, in one of them, the mutation had not been previously detected in the tumor biopsy. In this case, the interval between tumor biopsy and liquid biopsy was 31 months. The presence of this mutation in cfDNA was confirmed by ddPCR (Figure 2(b) ). During treatment with chemotherapy, a repeated tissue biopsy 14 months afterwards confirmed the presence of delE746-A750 and p.T790M mutations, overlapping with an increase in the SQI in cfDNA found in its plasma-matched sample.
During treatment, the p.T790M mutation appeared in 4/19 (21%) patients that did not carry this mutation at baseline, either during chemotherapy (3/19) or therapy with EGFR-TKIs (1/19). p.T790M mutation remained positive in the two patients that were already positive at baseline. Regarding exon 19 deletions, they appeared at progression in 3/9 (33%) of the patients that were negative for this mutation at baseline. In addition, in 2 out of 7 patients who received a further line of treatment, exon 19 deletions were detected at the second time point but not at baseline (Figure 3) .
To test for a potential correlation between the SQI reported by the cobas EGFR Mutation Test v2 and the number of mutant copies/mL reported by ddPCR, the results obtained in those samples that were positive for both methods were compared, but no significant correlation was found (r = 0 143).
Discussion
The implementation of molecular analytical tests with verified accuracy is important to exploit the possibilities of personalized medicine. The cobas EGFR Mutation Test v2 is a standardized methodology showing good performance compared with other techniques [17, 21] . However, the extraction methods can substantially influence the quality and quantity of the cfDNA extracted [24, 25] . The recommended method for cfDNA extraction for the cobas EGFR Mutation Test v2 recovered mainly mononucleosomic cfDNA [26] , but the efficiency was lower than that observed with the MagMAX methodology. This is relevant since it could yield false-negative results when the cfDNA concentration is low [11] . In this sense, it could be interesting that the cobas EGFR Mutation Test v2 was opened to be used with other extraction kits with better performance.
Tumor tissue analysis is the gold standard to analyze EGFR mutations in NSCLC [8] , and blood cannot be used as a surrogate source of analysis, as its sensitivity is not enough [12, 13] and depends on the platform used and the mutations analyzed [17, 27] . For example, in a previous comparison of plasma p.T790M detection using four different platforms, Thress et al. showed that ddPCR sensitivity was only of 71% with a specificity of 83%, even though it outperformed those of cobas, therascreen, and BEAMing [17] . Nevertheless, EGFR cfDNA analysis could be a complementary approach if the biopsy has not been recently obtained or is no longer available, thus allowing the mutational information update, as we observed here. This is especially relevant when using different lines of treatment, since previous treatments can select tumor clones and change the mutational landscape [15, 18] .
We and others have shown the clinical utility of mutated EGFR analysis in cfDNA obtained from NSCLC patients during EGFR-TKI treatment [12, 13] . Once the mutation is identified in tissue, liquid biopsy can be also useful to monitor the treatment, since the mutation load decreases when the patient responds to therapy and increases again at progression. The cobas EGFR Mutation Test v2 only reports the semiquantitative value SQI while ddPCR can report an absolute quantification of mutant copies/mL. Although Mok et al. have used the cobas EGFR Mutation Test v2 data as an equivalent to the number of copies/mL [28] , we have not observed this correspondence and, in our hands, both values are not interchangeable. Nevertheless, the effectiveness of the treatment was reflected in a decrease in the SQI of activating mutations similar to that observed in the concentration of circulating EGFR mutant copies as previously observed by ddPCR [12, 13] . In addition, the use of a commercially available and approved multiple targeted test for EGFR mutations in cfDNA allows a rapid turnaround time of one day [29] . Although we have performed this study using one FDA-approved platform, probably similar results would be obtained using other methods for multiple EGFR mutation test analysis. Previous studies have assessed the utility of EGFR mutation analysis in patients undergoing EGFR-TKI therapy, but here we report several cases of patients treated with chemotherapy that were effectively monitored using cfDNA. This observation is relevant because EGFR-positive patients do not only receive EGFR-TKIs but also other treatment regimens based on chemotherapy [5] . Consequently, we can consider activating mutations in cfDNA as a potential biomarker to monitor these patients. Moreover, we have shown the appearance of the p.T790M mutation in patients receiving not only EGFR-TKIs but also chemotherapy. Other authors have shown that the p.T790M resistance mutation is only found in the cfDNA of erlotinib-treated NSCLC patients if they have an activating EGFR mutation before treatment [30] . Also, in NSCLC patients with activating EGFR mutation, longitudinal tumor rebiopsy has shown the appearance of p.T709M mutation during chemotherapy treatment [31] . Figure 2 : (a) Upper: longitudinal study of EGFR mutational levels (SQI) at baseline (n = 14), during treatment at the moment of the best response (n = 12), and at progression (n = 13) of the disease. Lower: longitudinal study of EGFR mutational levels (SQI) considering therapy with either EGFR-TKIs (Basal, n = 9; B.R., n = 7; and Progres., n = 8) or chemotherapy (Basal, n = 5; B.R., n = 5; and Progress, n = 5). (b) Evolution of the EGFR mutational levels (SQI) in a patient during chemotherapy (docetaxel) treatment. A drawback with these targeted methods is that they do not check for the presence of other potential genetic causes of resistance, such as MET amplification [5] . In summary, here we show that multiple targeted EGFR mutation analysis in cfDNA can be helpful in those patients with already detected EGFR mutations in tissue. cfDNA analysis helps to evaluate mutational status, especially if the tissue biopsy is not recent. The availability of baseline and sequential samples also allows the monitoring of the efficacy of therapy and the detection of resistance mutations.
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